The role of mitosis in the progression of precancerous skin remains poorly understood. To address this question, we deleted the mitotic Kinase Aurora-A (Aur-A) in hyperplastic mutant p53 mouse skin as an experimental tool to study the G2/M transition in precancerous keratinocytes and AUR-A's role in this process. Epidermal Aur-A deletion (Aur-A epiΔ ) led to marked keratinocyte enlargement, pleomorphism, multinucleation, and attenuated induction of cell death. This phenotype was characteristic of slippage after a stalled mitosis. We also observed altered or impaired epidermal differentiation, indicative of a partial skin barrier defect. The upregulation of mTOR/PI3K signaling was implicated as a mechanism by which keratinocytes may evade cell death after AUR-A deficiency. This was evidenced by the ectopic expression of the pathway readout, p-S6, in the basal layer of Aur-A epiΔ skin and its mitotic upregulation in isolated keratinocytes. We further tested whether our findings were extended to skin carcinoma cells. The chemical inhibition of AUR-A led to a similar mitotic delay, polyploidy/multinucleation, and attenuated cell death in skin cancer cell lines. Moreover, inhibition of mTOR/PI3K signaling ameliorated the effects caused by the deficiency of AUR-A activity but was also associated with the persistence of mitotic p-S6 detection in surviving cancer cells. These results show the induction of multinucleation/polyploidy may be a compensatory state in keratinocytes that allows for cellular survival and maintenance of partial barrier function in face of aberrant cell division or differentiation. Moreover, mTOR/PI3K signaling is active in the mitosis of hyperplastic keratinocytes expressing mutant p53 and is further enhanced by stalled mitosis, indicating a potential resistance mechanism to the use of anti-mitotic drugs in the treatment of skin cancers.
Introduction
Cutaneous squamous cell carcinomas (SCCs) are the second most common skin neoplasia but account for the majority of metastasis and fatalities in non-melanoma skin cancers [1] . DNA sequencing of skin SCCs has revealed common drivers that implicate NOTCH1/2, p53, and RAS signaling in its carcinogenesis [2] [3] [4] . With respect to p53, mutations are found in 58-95% of skin SCCs, which mostly fall within the DNA-binding domain of the protein and lead to the lossof-function (LOF) of its tumor suppressive activities [3, [5] [6] [7] . There are also gain-of-function (GOF) mutations that confer oncogenic properties to mutant p53 [8, 9] . LOF and GOF p53 mutations are found in precancerous lesions and tumors arising in sun-exposed or non-sun-exposed skin (see p53.iarc.fr) [10] [11] [12] . On the other hand, the frequency of RAS mutations in SCCs ranges from 5% to 46% [3, 7, 13] . Moreover, RAS mutations have been reported in precancerous lesions [14] and tumor-related overexpression of RAS or elevated levels of its active GTP-bound form in the absence of activating mutations also contribute to SCC carcinogenesis [15] [16] [17] .
We have focused on two oncogenes associated with aggressive skin cancers, namely, AURORA-A (AUR-A) kinase and the GOF p53 R175H mutant. AUR-A has diverse roles in regulating cell division that include promoting the entry into mitosis and bipolar spindle assembly [18] . AUR-A is a cancer-susceptibility gene that is frequently amplified or overexpressed in epithelial tumors, including skin cancers [19] [20] [21] [22] . AUR-A transforms immortalized cells and promotes the malignant conversion of chemically induced skin cancers, resulting in metastasis-prone tumors that are characterized by centrosome amplification and genomic instability [20, 23] . On the other hand, the GOF p53 R175H (R172H in mice) mutant is pro-oncogenic in humans and mice; its expression in tumors is associated with genomic instability and metastasis [8, [24] [25] [26] . With respect to skin, experimental mice that co-express the KRAS G12D and p53 R172H mutants develop metastasis-prone skin SCCs that display dysregulation of AUR-A [25] . This is in contrast to LOF p53 skin, which is less likely to develop aggressive or metastatic SCCs [25] .
The mTOR/PI3K pathway has also been implicated in skin carcinogenesis [27] . The mTOR/PI3K pathway integrates extracellular signals from the microenvironment that can regulate cell size, proliferation, survival, and differentiation. Under non-pathological conditions, the mTOR/ PI3K pathway contributes to epidermal skin development and homeostasis [28, 29] . Effectors of the pathway like AKT and S6 are expressed in the upper layers of skin and may protect terminally differentiated keratinocytes (KCs) from apoptosis [30] .
In the current study, we aim to dissect the role of AUR-A in the mitotic regulation of preneoplastic KCs by inducing the deletion of Aur-A in hyperplastic LOF/GOF p53 skin. Our results implicate the mTOR/PI3K pathway in mediating multinucleation, cell enlargement, and survival of mutant p53 KCs deficient in AUR-A.
Results
Genetic deletion of Aur-A results in multinucleation and cell survival in hyperplastic mutant p53 skin
In the LOF/GOF p53 skin cancer model, the expression of the KRAS G12D mutant is combined with the ablation of p53 or activation of the GOF p53 R172H allele [26] . We included the deletion of Aur-A as an experimental tool to understand the regulation of the G2/M phases of precancerous KCs in the context of mutant p53. We analyzed tissues 14 days after the recombination of CreER-inducible alleles by Tamoxifen (TAM) and 7 days after the co-treatment with the tumor promoter TPA (Fig. 1a) . TPA allows the normally low cycling basal KCs in the adult epidermis to be hyperplastic [31] . We chose this TPA treatment regime because it led to a significant increase in the percentage of mutant p53 KCs found in S-phase (Supplementary Figure 1) . Epidermal deletion of Aur-A (Aur-A epiΔ ) skin showed diffused hyperplasia, cellular pleomorphism with marked cell karyomegaly, prominent nucleoli, irregular cell size, and the accumulation of multinucleated cells (Fig. 1b) . These effects also seemed more pronounced in Aur-A epiΔ ; GOF p53 skin. Nevertheless, epidermal differentiation also appeared impaired and coincided with increased epidermal thickness.
We co-stained with the epithelial membrane marker E-CADHERIN and the nuclear membrane marker LNMA (LAMIN-A/C) ( Fig. 1c) to examine more closely the observed multinucleation. We quantified LNMA+ nuclear structures in KCs attached to the basal or suprabasal layers; this included cells with multiple nuclei or smaller micronuclei. Aur-A epiΔ skin had substantially elevated levels of LNMA+ nuclear structures compard to mutant p53 skin (Fig. 1c) . Notably, multinucleation was also detected in NC control skin at low levels. Aur-A epiΔ skin was also proliferative, but showed a marked increase in the mitotic index as demonstrated by p-HH3 staining ( Supplementary Figure 2 and Fig. 1d ). Furthermore, samples with elevated p-HH3+ counts tended to have elevated number of LNMA+ structures (Pearson correlation, r = 0.7, p < 0.0001, n = 24). These results indicate that Aur-A epiΔ KCs stalled in mitosis but underwent mitotic slippage, allowing them to exit without completion of cytokinesis. Moreover, these data also show that multinucleation may be inherent to skin KCs, which can be enhanced by mitotic dysfunction.
Next, we determine if cell death was a feature of Aur-A epiΔ skin. The detection of active CASPASE-3 was variable in mutant p53 skin. Unexpectedly, active CASPASE-3 detection was not enhanced by AUR-A deficiency (Fig. 1e) . Similarly, modest changes were evident in the histological detection of apoptotic bodies (Fig. 1f) . However, no changes were observed in the expression of the apoptoticassociated protein BCL-XL (Fig. 1g) . We conclude that apoptosis was attenuated by AUR-A deficiency in hyperplastic mutant p53 skin.
RNA sequencing of AUR-A-deficient skin revealed altered differentiation and enrichment of mitotic gene signatures
We profiled the transcriptome to better understand the cell fate observed in Aur-A epiΔ skin. Few robust changes were observed between GOF vs. LOF p53 skin (cutoff of q < 0.05, Supplementary Tables 1-2), whereas Aur-A deletion had a greater effect on the transcriptome (Fig. 2a and  Supplementary Tables 3-4) . We found the enrichment of epidermis and ectoderm development genes in the Aur-A epiΔ skin datasets (Fig. 2b and Supplementary Table 5 ). These datasets included epidermal skin differentiation genes like Krt1, Krt10, and Sprr1b, and "stress" genes like Krt16 that are associated with inflammatory conditions like psoriasis and Harlequin ichthyosis [32] [33] [34] . We confirmed the downregulation of Krt1 and Krt10 and upregulation of Krt14, Krt16, and Sprr1b in Aur-A epiΔ skin RNA (Supplementary Figure 3a) . We also stained for the terminal skin differentiation marker, FILAGGRIN [35] . Its pattern of detection in the stratum corneum of Aur-A epiΔ skin was disorganized and its expression levels reduced (Supplementary Figure 3b ). These results indicated that Aur-A epiΔ skin presents with reduced/altered skin differentiation and may have a partial barrier defect.
G2/M and mitotic gene signatures were also overrepresented in Aur-A epiΔ skin and included AUR-A interacting partners such as Tpx2, Ajuba, and Bora (Fig. 2b, c and Supplementary Table 5 ) and mitotic genes like Ccnb1 (Cyclin B1) and Aurora Kinase-B (Aur-B), indicating the enrichment of G2/M cells. CCNB1/CDK1 complexes promote entry into mitosis, but CCNB1 destruction is necessary for mitotic exit or for mitotic slippage [36] . However, Ccnb1 levels were elevated in Aur-A epiΔ skin (Fig. 2c ). AUR-B was also upregulated in Aur-A epiΔ skin ( Fig. 2c and Supplementary Figure 4a) . AUR-B is part of the chromosome passenger complex and is a key regulator of the Spindle Assembly Checkpoint [37] . The activation of mitotic checkpoints likely contributed to stalled Aur-A epiΔ KCs due to the presence of abnormal spindles and microtubules (see below, Fig. 2d and Supplementary  Figure 4a-b) . Lastly, we also observed elevated levels of Ccnd1 (Cyclin D1) (Fig. 2c) . CCND1 accumulates in G1 and is necessary for progression into S-phase, indicating that Aur-A epiΔ KCs remained in cycle. Examination of p-HH3+ Aur-A epiΔ cells more closely by confocal microscopy revealed other abnormalities in mitosis. These included cells with monopolar spindles as shown by the localization of γ-tubulin to a single mitotic pole (Fig. 2d) . In contrast, AUR-A was co-localized with γ-tubulin at both centrosomes in WT cells (Fig. 2d) . On the other hand, TPX2 staining revealed abnormally formed microtubules. TPX2 normally forms a complex with AUR-A that enables its activation and has important roles in microtubule dynamics [38] . TPX2 localized with γ-tubulin and centrosomes during WT KC mitosis but was mislocalized in Aur-A epiΔ cells (Supplementary Figure 4b) .
MTOR/PI3K signaling is enhanced in AUR-A-deficient mutant p53 skin
Aur-A epiΔ KCs appeared larger than WT cells (see Fig. 1b , c). This may be due to mitotic slippage or involvement of signaling pathways like mTOR/PI3K that can regulate cell size and survival. Applying the Ingenuity pathway analyses software algorithms (qiagenbioinformatics.com/IPA) to our RNAseq datasets predicted the activation of the mTOR/ PI3K pathway in Aur-A epiΔ skin (Supplementary Figure 5) . By immunoblotting of whole skin samples, we found the levels of p-S6 and p-AKT (S473 and T308) to be elevated in GOF vs. LOF p53 skin, and remained elevated by AUR-A deficiency (Fig. 3a) ; phosphorylation at both S473 and T308 indicated maximal activation of AKT [39] . We then explored upstream signaling nodes. Similar to AKT, higher levels of p-RICTOR and p-RAPTOR were observed GOF vs. LOF p53 skin (Fig. 3b) , which remained elevated in Aur-A epiΔ skin. RAPTOR and RICTOR are obligate members of the mTOR C1 and C2 complexes, respectively [28] . The C1 complex phosphorylates AKT, whereas S6K1, which is an effector of mTORC1 [40] , showed reduced levels of phosphorylation following Aur-A deletion. On the other hand, the p-epidermal growth factor receptor (EGFR) was elevated similar to RAPTOR and RICTOR (Fig. 3b) . We also observed enhanced p-ERK levels that can also synergize with downstream mTOR/PI3K signaling by the activation of p90RSK [41] . Taken together, the activation of AKT and S6 in Aur-A epiΔ skin would appear to be driven by EGFR and mTORC2 complex activities.
Next, we focused on p-S6 expression in the epidermis as a readout of the mTOR/PI3K pathway activity in Aur-A epiΔ skin. Detection of p-S6 was evident in the upper layers of untreated skin, overlapping with the suprabasal marker KRT1 (Fig. 4a, b) and consistent with the established role of mTOR/PI3K signaling in skin homeostasis [28] . In hyperplastic WT p53 skin, p-S6 and KRT1 detection was colocalized to the suprabasal layers. In contrast, p-S6 staining became more intense and extended down into the hair follicles of mutant p53 skin. This was unlike the pattern observed with KRT1, which remained associated with the upper layers of the skin. AUR-A deficiency extended the detection of p-S6 to the basal layer (Fig. 4a) . Its detection appeared higher in the basal layer while reduced in the suprabasal compartment (Fig. 4c) . In contrast, S6 appeared ; LOF p53 skin. This staining pattern was also observed in Aur-A ablated GOF p53 skin. Scale bar, 5 μm. The sample number (n = 19) is shown by the symbols in a and was used in c, d
to be distributed across the epidermis (Fig. 4a, c) . The ratio of p-S6/S6 was higher in the basal layer of the epidermis but remained unchanged in the suprabasal layers. Notably, ectopic expression of p-S6 in the basal layer was undetectable in p53 wt /KRAS wt embryonic epidermis deficient in AUR-A (Supplementary Figure 6) [42] . Thus, the effects on p-S6 levels and its tissue localization in adult Aur-A epiΔ skin appeared to depend on the p53 and RAS status. Lastly, the detection of KRT1 was reduced in Aur-A epiΔ skin and its pattern of expression disorganized (Fig. 4b) , similar to the pattern of FILAGGRIN detection (Supplementary Figure 3b) .
AUR-A deficiency induces cell cycle-specific changes in AKT and S6 phosphorylation
To define how the ectopic activation of the mTOR/PI3K pathway could protect basal Aur-A epiΔ KCs during stalled mitoses, we performed mass cytometric experiments to correlate p-protein levels with cell cycle states [43] . In these experiments, we use single KCs isolated from 4HOTam/ TPA-treated mice ears due to the difficulty of isolating KCs from adult back skin. We also treated for a shorter duration (3 days) with a higher dose of TPA (10 nmol) to avoid analyzing cells that were too different in cell size. We examined the different cell cycle phases (i.e., S, G2, M, G1, Go) by using bivariate plots of incorporated IdU (5′-Iodo-2′-deoxyuridine) vs. CCNB1 and p-HH3 Ser28 , or p-RB Ser807/ 811 ( Fig. 5a ) [43] . Control KCs were predominately in G1 but this was reduced at the expense of S-phase and G2-phase in mutant p53 KCs ( Fig. 5b and Table 1 ). Both the Sphase and M-phase fractions were further increased by AUR-A deficiency ( Fig. 5b and Table 1 ). Furthermore, AUR-A deficiency also enhanced the number of p-HH3+ cells and its mean channel intensity (i.e., expression levels) (Fig. 5c ). This was correlated with elevated levels of p-S6, p-AKT, and p-EGFR detection in the same cell (Fig. 5c , right panels). Next, we used the Citrus software (cytobank.org) to organize unsupervised clusters around cell cycle markers to determine the differences in p-proteins using statistical correlation models in the same cell [44] . This approach also controls for the increased phosphorylation that normally is observed during mitosis [45] . We compared WT vs. Aur-A epiΔ KCs, regardless of their p53 status. Branches of the clustering tree were organized phenotypically and hierarchically by the expression of cell cycle markers (Supplementary Figure 7a ). Statistical modeling indicated that Aur-A epiΔ KCs with elevated p-EGFR and p-Retinoblastoma (p-Rb) levels were distributed in the majority of nodes in actively cycling cells (q < 0.01, Supplementary Figure 7b ), whereas KCs with higher levels of p-S6 correlated with p-HH3 levels ( Supplementary Figure 7b-d) . These results are consistent with the p-S6 analysis from our immunostaining and immunoblotting experiments (see Figs. 3 and 4) .
Inhibition of AUR-A resulted in multinucleation/ polyploidy and M-phase activation of p-S6 in skin SCC cell lines
We tested the AUR-A small molecule inhibitors, VX680 and TC-A2317, in human SCC cell lines to determine whether our findings in precancerous mouse skin were preserved in squamous tumor cells. The survival of Colo16 [46] and SRB-P9 [47] , and SRB-M7 [48] cells was modestly reduced by the inhibitors (Fig. 6a and Supplementary  Figure 8a) . We also could not detect the induction of Annexin V-associated apoptosis in drug-treated cells (Fig. 6a) . Although VX680 inhibits the AURORA Kinase family and TC-A2317 is more selective for AUR-A [49] , both inhibitors produced enlarged cells, indicative of mitotic arrest and slippage ( Fig. 6b and Supplementary  Figure 8a-b) . This was also shown by the presence of drugtreated cells with greater than 4N DNA content (Fig. 6c,  Supplementary Figures 8a and 9a) . We confirmed the inhibitory effects of TC-A2317 in Colo16 and SRB-P9 cells by probing for the phosphorylation of AUR-A at T288, a surrogate for its activation [50] . TC-A2317 reduced the phosphorylation at T288 (Fig. 6d and Supplementary Figure 9b) and that of the AUR-A target protein TACC3 in Colo16 cells (Fig. 6d) [51] .
Inhibition of mTOR/PI3K signaling reduced cell viability and enlargement of TC-A2317-treated carcinoma cells
In subsequent experiments we focused on the effects of TC-A2317 on mTOR/PI3K signaling of Colo16 and SRB-P9 cells using low doses of the inhibitor. Western blotting for p-S6 in unsynchronized cells did not reveal large changes between vehicle and TC-A2317-treated cells (Fig. 6e and  Supplementary Figure 9c) . Notably, the levels of p-AKT/ AKT were much lower than S6 but followed the same pattern as the detection of p-S6. We then characterized the cell cycle distribution of p-S6 using mass cytometry. Similar to our previous observations, we observed an Fig. 3 Analysis of mTOR/PI3K signaling in Aur-A deleted skin. a The phosphorylation status of AKT and S6 was determined in lysates from untreated and TPA treated skin. Lysates from untreated skin were immunoblotted for p-AKT (T308/S473) and p-S6 (S235/236). Blots were then stripped and probed for total protein (i.e., AKT and S6). Blots were stripped once more and re-probed for the loading control β-ACTIN. TPA treated skin showed high levels of p-AKT (T308 and S473) and p-S6 in GOF vs. LOF p53 skin, which remained increased by AUR-A deficiency. The ratios of phospho to total kinase levels were calculated by measuring band intensities (bottom graphs). b The phosphorylation status of RICTOR, RAPTOR, p70-S6K1, ERK, and EGFR was determined in lysates from TPA-treated skin. Blots were then stripped and probed for its total protein. Blots were stripped once more and re-probed for the loading control β-ACTIN. The ratios of phospho to total protein were determined by measuring band intensities. The graphs show the mean of the ratios ± s.d. and the sample size are represented by the lanes shown in the blots increase in G2/M cells in AUR-A-inhibited cells (Fig. 6f  and Supplementary Figure 9d) . Drug treated cells also showed an increased fraction of p-S6+/p-HH3+ cells and an increase in p-S6 channel intensity (Fig. 6f, g and Supplementary Figure 9e ). Next, we explored the effects of the dual mTOR/PI3K inhibitor BEZ235 on TC-A2317-treated cells [52, 53] . Alone, BEZ235 suppressed cell viability (Fig. 7a, b) by reducing the fraction of S-phase cells. Colo16 cells appeared less sensitive to the effects of BEZ235 than SRB-P9 cells. BEZ235 also did not appear to induce Annexin V-associated apoptosis (Fig. 7a) . In combination, TC-A2317 had a modest synergy on BEZ235-mediated inhibition of cell viability (Fig. 7a) . Nevertheless, BEZ235 appeared to decrease the enlargement and multinucleation of TC-A2317-treated carcinoma cells (Fig. 7b) . BEZ235 also reduced the fraction of S-phase cells induced by TC-A2317 in synchronized or unsynchronized cells (Fig. 7c and Supplementary Figure 9d , respectively). Gating on "live" cells or G2/M showed that the overall levels of p-S6+ cells were reduced by BEZ235 (Fig. 7d and Supplementary Figure 9e ). This also was seen in the p-S6 mean channel intensity (Fig. 7e and Supplementary Figure 9e) . However, a persistent population of M-phase cells retained the expression of p-S6 after BEZ235 treatment, which was further increased in dual inhibitor-treated cells (Fig. 7d, e  and Supplementary Figure 9e) . This observation suggests that there may be additional pathways that activate S6 signaling in mitosis when mTOR/PI3K signaling is impaired. Lastly, we probed for p-S6 and S6 by immunoblotting in BEZ235/TC-A2317-treated cells. The ratio of p-S6/S6 appeared elevated in dual inhibitor treated Colo16 cells, but unchanged in SRB-P9 cells (Fig. 7f and Supplementary Figure 9f ). These results indicate that the flux of mTOR/PI3K signaling may depend on cellular context, but the changes observed in p-S6 expression during M-phase cannot be simply ascribed to changes in overall S6 levels.
Discussion
The predominant response to Aur-A deletion in mutant p53 hyperplastic skin was delayed mitosis, mitotic survival, slippage, and multinucleation. The cell fate decision between death vs. slippage after mitotic delay remains poorly understood. Current models suggest that the interplay between the levels of CCNB1/CDK1 complex and the strength of pro-apoptotic signaling determines whether cells can slip out of a stalled mitosis or undergo catastrophic cell death. Our results would indicate that pro-apoptotic signaling was attenuated in adult Aur-A epiΔ hyperplastic skin. However, this conclusion may depend on the developmental stage. Aur-A deletion at 1-2 cell stage or during midgestation led to embryonic lethality [54, 55] . Similar findings were observed when Aur-A was deleted in the developing epidermis at the onset of stratification (E.12.5-E15.5) [42] . Detection of cell death declined in later embryonic stages and in adult skin [42, 56] . Lastly, we now showed that cell death due to the inhibition of AUR-A is attenuated in skin carcinoma cells.
The cell fate response to AUR-A deficiency may be inherent to adult skin. First, multinucleation/polyploidy is a feature of suprabasal skin differentiation [57, 58] . In primary human KC cultures, loss of WT p53 triggers differentiation and mitotic slippage [57] . Second, PI3K/mTOR signaling is important for skin development and tissue homeostasis [28, 29] . In particular, activation of the PI3K/ AKT pathway provides survival signals and regulates CASPASE activity in differentiated KCs [30] . Third, activation of this pathway allows suprabasal KCs to survive in conditions of defective skin barrier [59] . Fourth, PI3K/AKT signaling has been shown in cultured cells to regulate the G2/M transition and may provide survival signals during normal mitosis [60, 61] . Increased AKT signaling has been shown to rescue cultured cells arrested in G2/M by DNA damage [62] . Lastly, mTOR may also regulate the G2/M transition [63] . In our study, the inhibition of mTOR/PI3K signaling by BEZ235 reduced the cell enlargement and polyploidy/multinucleation observed in AUR-A-inhibited carcinoma cells. Intriguingly, S6 remained phosphorylated in mitotic cells surviving BEZ235 exposure. This would suggest that other pathways (e.g., p90RSK) could compensate for impaired mTOR/PI3K signaling. Although the role of p-S6 in mitosis remains elusive [63] [64] [65] , its function may be related to cell survival. Our data suggests that hyperplastic KCs expressing mutant p53 and RAS, or skin carcinoma cells can also tap into these endogenous survival pathways when faced with impaired mitosis.
To date anti-mitotic agents have given mixed results in cancer clinical trials [66] . This is likely due to the fact that new drugs are tested in xenograft models that may not faithfully represent de novo tumor formation. The GOF/ LOF p53 model may be an ideal in vivo platform to test the preclinical effects of anti-mitotic drugs in combination with other inhibitors. We show that the AUR-A inhibition led to the survival of mutant p53 and KRAS KCs in polyploidy/ Fig. 4 Ectopic expression of p-S6 in the basal layer of mutant p53 epidermis deficient in AUR-A. a Images show the immunofluorescent detection of pS6 and S6 in untreated skin and TPA-treated NC and mutant p53 skin. Note that the detection of pS6 in basal cells extends to the differentiated layers in Aur-A deleted epidermis, whereas the pattern of S6 detection is evenly distributed across the epidermis. b Images show the detection of the basal layer marker KRT14 and the suprabasal and early differentiation marker KRT1. Note KRT1's disorganized pattern of expression in Aur-A deleted epidermis. Representative images are shown for four mice per genotype. Scale bar, 50 μm. c Graphs show the quantification of p-S6 to total protein by pixel intensity per surface area (SA) of the region of interest of KCs proximal to the basement membrane of the epidermis (basal area) and superior to this region (suprabasal). At least three areas in the epidermis were analyzed per slide. Graphs represent mean ± s.d. with n = 6 for each group. Equal number (n = 3) of LOF and GOF p53 samples define the Aur-A WT group, whereas equal number of Aur-A epiΔ ; LOF p53 and Aur-A epiΔ ; GOF p53 samples define the Aur-A epiΔ group multinucleated states; this may be an impediment to using anti-mitotic agents in skin cancer treatment. However, the use of anti-mitotic and mTOR/PI3K inhibitors may be an effective combination as recently shown for Large B-cell Lymphomas [67] . This combination may also be relevant for organ transplant patients who are at high risk of , anti-146Nd (Neodymium) p-EGFR Y1068 (not shown), and anti-175 Lu (Lutetium) p-HH3 (Left plots). Note the increase in AKT intensity in p-S6+/p-HH3+ KCs. Right panels show the quantification of channel intensity developing metastatic or recurring SCCs and whose immune systems are suppressed with the use of mTOR inhibitors [68] .
In summary, we show that the induction of multinucleation/polyploidy may be a compensatory state in KCs allowing for cellular survival and maintenance of partial barrier function in face of aberrant cell division and differentiation in adult skin, which may depend on mTOR/ PI3K signaling.
Material and methods

Animal models and KC isolation
The University of Colorado Institutional Animal Care and Use Committee approved all animal studies described in this manuscript. Mice with the p53 f , p53 lslR172H
, and Kras LSLG12D knock-in alleles were crossed with the K14CreER(T) transgene to generate LOF p53 mice (p53 f/f ; Kras lslG12D ; K14CreER) or GOF p53 mice (p53 f/lslR172H ; Kras lslG12D ; K14CreER) [9, 26, 42] . A floxed Aur-A allele [42] was introduced to GOF or LOF p53 mice to generate Aur-A f/f ; GOF or Aur-A f/f ; LOF p53 mice. Recombination of floxed alleles in back skin was induced by feeding 8-10-week-old shaved mice with TAM containing chow (250 mg/kg weight) (Harland Laboratories) for 14 days. TPA (12-O-tetradecanoylphorbol-13-acetate, LC Laboratories, Woburn, MA) (1 nmol) was applied topically to the back skin for 7 days, in order to promote the proliferation of skin epidermal KC stem cells [20] . In experiments for mass cytometry or propidium iodide (PI) DNA content by flow cytometry, the ears of mice were treated topically with 4-hydroxyTAM (4HOT) (25 μg) for 7 days. TPA then was coapplied at 1 nmol for 7 days for PI flow cytometry or at 10 nmol for 3 days for mass cytometric experiments.
Mice studies utilized pooled cohorts from different litters and treatments on different days due to the challenge of obtaining mice with a complete set of experimental alleles (e.g., p53
f/lslR172H ; Kras lslG12D ; K14CreER). Thus, for practical reasons the sample size was determined from available genotypes and investigators were not blind to the genotypes of each mouse. Tissues were then harvested for RNA, protein, or histological analysis. Isolation of KCs for flow cytometry was performed as previously described [20] . Briefly, ear skin was floated O/ N on 0.25% Trypsin (ThermoFisher, Waltham, MA) to separate epidermis from dermis. KCs were tapped out in media containing serum. For mass cytometry experiments, ear skin was floated on Dispase (Roche, Basel, Switzerland) O/N to separate epidermis from dermis. Peeled epidermis was then floated on Trypsin. Next, media with serum was added to neutralize Trypsin and dislodge KCs from the epidermis.
Cell lines and tissue culture
Colo16 cells [46] were obtained from Dr. Numsen Hail (University of Colorado Anschutz Medical Campus, Aurora, CO) and SRB-P9 and SRB-M7 cells [47, 48] were obtained from Dr. John Clifford (Louisiana State University, Shreveport, Louisiana). Cells were initially expanded and frozen down. Mycoplasma contamination was routinely tested using the Lonza MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza, Basel, Switzerland). Cell line authentication was performed at the University of Colorado Cancer Center Protein Production/Mab/Tissue Culture Core using STR detection (Promega Madison, WI). Mutations in p53 in the SRB-M7 cell line was determined by Sanger Sequencing of amplicons covering hot spot exons (5-9) at the UCCC Molecular Pathology Shared Resource Core (University of Colorado Anschutz Medical campus, Aurora, CO). Mutations in the SRB-P9 and Colo16 cell lines were determined by next generation sequencing using the Archer VariantPlex Solid Tumor kit (ArcherDx, Boulder, CO) with 50 ng of tumor cell DNA. Libraries were sequenced via Illumina NextSeq (Illumina, San Diego, CA). Raw sequence data was processed for mutational calling by using the Archer Analysis software package (version 5.1.2.2; ArcherDx). Mutations were manually inspected in the Integrative Genomics Viewer (Broad Institute, Cambridge, MA) by visualizing BAM files. Using these approaches, we determined a 319Gln[stop] mutation in SRB-P9 cells and an Y205F mutation in SRB-M7 cells for p53. Colo16 cells contained WT p53 sequences but harbored an HRAS mutation (Gly13Arg).
Tissue culture experiments were performed within the last 3 years with Mycoplasm negative cells up to passage 30 from the original expansion. Colo16 cells were grown in RPMI-containing 2% FBS, whereas SRB-P9/M7 cells were grown in 10% FBS DMEM/F12 media (Thermo Fisher). Promega's CellTiter Aqueous MTS colorimetric or RealTime-Glo MT Cell Viability assays were used to determine viability as per the manufacturer's instructions (Promega). TC-A2317 (Tocris, Minneapolis, MN) was dissolved in ethanol at a 1 mM concentration. BEZ235 (Selleckchem, Houston, TX) and VX680 (Selleckchem. com) were dissolved in DMSO at a 1 mM concentrations. Cell synchronization was performed as previously published using medium containing Thymidine [69] . Figure 8b) . Scale bar, 100 μm. c Cell cycle analysis was performed on drug-treated Colo16 cells by BrdU/PI flow cytometry. Cells were characterized 48 h after treatment. Note the appearance of greater than 4N cell populations. d Phosphorylation of AUR-A and its target protein, TACC3, was determined 8 h following drug treatment by immunoblotting. Blots were then stripped and probed for the loading control β-ACTIN. e Western blotting for p-S6 and p-AKT after 48 h of drug treatment. Note the lower levels of AKT and p-AKT detection in whole cell lysates. The graph shows the quantification of p-S6/S6 ratios from two independent experiments (n = 6 for each condition). f Colo16 cells (n = 5 independent plates per condition) were treated with TC-A2317 or vehicle for 48 h. Cell were then processed, stained, analyzed for mass cytometry. Cell cycle distribution was determined as in Fig. 5a . Pie charts values are an average of five independent plates per condition. g p-S6 was analyzed in "live" and M phase gates. Note the increase in p-S6+/p-HH3+ cells with TC-A2317 (top graphs). Bottom graph shows quantitation of p-S6 mean channel intensity (n = 5, mean ± s.d.). Data is representative of at least three independent experiments for a-d, and two independent experiments for e-g
RNA and QPCR experiments
RNA from frozen biopsies was isolated as previously described [42] . For whole skin RNA sequencing (RNAseq), TruSEQ Stranded mRNA Sample Prep (Illumina) was used with 500 ng of total RNA. Barcoded samples were pooled and run across three lanes of 50 bp reads sequencing on the HiSEQ 2500 machine (Illumina). Reads quality was checked using FastQC software. Raw files were deposited in the Gene Expression Omnibus (ncbi.nlm.nih.gov/geo) under accession #GSE106281. The median number of reads per condition was 42 million. Raw reads were aligned and quantitated with Partek Flow (Partek.com) and TopHat_v2/ Cufflinks_v2.02.2 [70] . Differential gene expression was determined using Partek Flow or Cuffdiff v2.0.2 [70] . Pathway analysis was performed using IPA ingenuity software (Qiagen). QPCR analysis was performed as previously described [42] using a SYBR assay (KappaBiosystems, Wilmington, MA) or with predesigned assays from IDT (idtdna.com, Skokie, IL). Assay catalog numbers and oligo sequences are listed in Supplementary Table 6 .
Immunofluorescence and immunoblotting assays
Skin biopsies were fixed in 4% paraformaldehyde in PBS and processed for paraffin embedding and sectioning. Histopathological analysis was performed on H&E-stained sections. Mitotic indexes and number of apoptotic cells was determined by counting five fields per section under 1000× magnification. Nucleated cell numbers were measured from basal KCs to the start of keratinization. Immunodetection was done as previously described [42] using primary antibodies listed in Supplementary Table 7 . Secondary antibodies were purchased from ThermoFisher. Sections were then mounted with DAPI-containing anti-fade solution (Vector Laboratories, Burlingame, CA) and staining visualized on a Nikon 90i conventional microscope or a C2 confocal microscope. To quantitate the p-S6 signal, we determined pixel intensity vs. surface area of the "Region of Interest" associated with the cells attached to the basal layer or cells found directly superior in the suprabasal layers. First, we determined the p-S6/S6 ratios in the basal layer and then in the suprabasal layer. As an alternative approach, we calculated the ratio of basal to suprabasal intensity in each sample to better normalize the detection of p-S6 and total S6. We compared the averaged values from WT AUR-A skin (i.e., GOF and LOF p53 skin) with that of AUR-A deficient skin (i.e., Aur-A epiΔ ; GOF p53 and Aur-A epiΔ ; LOF p53 skin).
For western blot analysis, cell or tissue lysates were prepared in non-denaturing Lysis Buffer 17 (R&D Systems, Minneapolis, MN) or 1× cell lysis buffer (Cell Signaling, Danvers, MA) containing IGEPAL ® CA-360 and phosphatase and protease inhibitors (Roche). Protein concentrations were determined via a Bradford Assay (Biorad, Hercules, CA) and fractionated on Novex ® 4-12% Bis-Tris Protein gels (ThermoFisher). Proteins on gels were then transferred onto nitrocellulose support. Membranes were probed with primary antibodies (see Supplementary Table 7 ) and then incubated with appropriate HRP-conjugated secondary antibodies. Chemiluminescent signal was detected using Supersignal Dura or Femto substrate (ThermoFisher). Membranes were then stripped and reprobed for β-ACTIN (SantaCruz). Images were either captured on film or with an Odyssey Fc imaging system (LI-COR Biosciences, Lincoln, Nebraska). Images on film were digitized and band intensity determined by measuring mean adjusted pixel density using ImageJ software (imagej.nih.gov) [71] . Quantification for westerns captured on the Odyssey system was performed with Image studio software (LI-COR).
Flow and mass cytometry
Freshly isolated KCs were fixed in PBS/ethanol and then resuspended with PI solution. Fluorescence was evaluated on a Beckman Coulter Gallios cell analyzer for DNA content analysis. BromodeoxyUridine (BrdU) incorporation and detection was performed as previously described [72] . Cell preparation, antibody staining, and fixation for mass cytometry was performed with reagents and protocols from Fluidigm Corp (Fluidigm.com) and from previous reports [43, 44] . Barcoding of samples for tissue culture experiments was performed as per manufacturer instructions (Fluidigm) and from published protocols [73] . Samples were analyzed using a Helios system and raw data either normalized using the Helios software (Fluidigm) or through software available from the Nolan Lab (http://web.stanford. edu/group/nolan/resources.html). Normalized data was visualized and gated using Cytobank (cytobank.org). Citrus clustering analyses were performed on Cytobank.
Data and statistical analyses
Mice studies were repeated independently at least twice. Cell culture studies were repeated independently at least . Note the pattern of p-S6 detection was similar to that observed with SRB-P9 cells (see Supplementary Figure 9 ). f Western blotting for p-S6 and p-AKT after a 48 h treatment with inhibitors is shown. Note the lower levels of p-AKT and AKT detection in whole cell lysates. TC-A2317 also appears to elevate p-S6 levels in BEZ235-treated Colo16 cells. The graph shows the quantification of p-S6/S6 levels from two independent experiments (n = 6 for each condition). Data is representative of at least three independent experiments for a and b and two independent experiments for c-f
three times unless otherwise stated. Statistical ratios and analyses were performed with Partek Genomic Flow, IPA, Cytobank or GraphPad Prism (v6) software. For simple comparisons of means between two genotypes or treatments (e.g., Vehicle vs Drug treatment), an unpaired double-sided t-test was performed. We assumed equal standard deviation in each of the sample populations. The subsequent "P" value was used to evaluate the likelihood of an actual difference between the comparison groups. P-values are denoted in graphs by asterisks: *P = 0.01-0.05; **P = 0.001-0.01; ***P = 0.0001-0.001; ****P < 0.0001. An adjusted P-value (q value) was calculated using the Storey method [74] in Partek Genomic Flow software to account for false discovery in the analysis of RNAseq data. A cutoff of q < 0.05 was used for gene expression comparisons. Core facilities staff (e.g., Flow Core) processed samples blindly in RNAseq or cytometric experiments.
